1.. INTRODUCTION
================

Malaria is one of the world's most devastating diseases particularly in the tropics, with an estimated annual incidence worldwide of 90 million clinical cases. The annual mortality from malaria is estimated to be 584,000 worldwide \[[@R1]\]. This is caused largely by *Plasmodium falciparum*.

The rapid emergence of drug-resistance *Plasmodium* strains has severely reduced the efficacy of conventional drugs employed to treat malaria, and threatens the effectiveness of even combination therapy, which is widely used in the field. A better understanding of the biology of malaria parasites and antimalarial drugs are needed \[[@R2]-- [@R4]\].

*P. falciparum* changes constantly its gene expression to generate a sequence of forms that adapt to different environments: liver and red blood cells (RBCs) in humans; the gut, vascular system and salivary glands in mosquitoes \[[@R5]\]. In humans, *P. falciparum* lives mainly within RBCs and develops through three distinct stages (the ring, trophozoite, and schizont stages) during its cycle of approximately 48 h \[[@R5]--[@R7]\] (Fig. **[1](#F1){ref-type="fig"}**). Pathogenesis depends on the RBCs infected with the parasite, and an impact progressively amplified by repeated 48-h cycles of invasion, intracellular growth, multiplication, egression of merozoites, and re-invasion. However, the mechanisms responsible for the developmental progression are poorly known.

In addition to host RBCs, the development of *P. falciparum* requires human serum \[[@R8], [@R9]\], a growth-promoting fraction from adult bovine plasma (GFS) \[[@R10], [@R11]\] or lipid-enriched bovine albumin \[[@R12]\]. In order to identify the factors that control intraerythrocytic development of *P. falciparum*, growth-promoting substances of GFS have been investigated \[[@R13]\]. And Asahi (2009, 2012) \[[@R7], [@R14]\] has formulated a chemically defined culture medium (CDM) that is suitable for promoting the complete development of intraerythrocytic *P. falciparum*. Non-esterified fatty acids (NEFAs) have been critical for parasite growth in GFS-containing media and the CDM. The efficacy of NEFAs in promoting the growth of *P. falciparum* has varied markedly, depending upon the type, total amount, and various combinations used. Addition of phospholipids with specific structures into culture media containing optimal NEFAs has increased parasite development to a level similar to that seen with GFS-containing media.

The established CDM consists of NEFAs, phospholipids, and specific proteins dissolved in a basal medium of RPMI-1640 \[[@R14]\]. The different NEFAs have played various roles by modifying the developmental stages of *P. falciparum*, ranging from complete development to arrested development at the ring stage \[[@R15]\]. To identify the molecules that regulate development of *P. falciparum* in RBCs, genome-wide transcriptome responses among various stages of *P. falciparum* cultured in diferrent CDMs have been compared \[[@R16]\]. Twenty-six transcripts that are associated with the suppression of schizogony have been predicted, of which 5 transcripts are particularly associated with blockade of trophozoite progression from the ring stage \[[@R16]\]. One of the 5 transcripts has been a putative copper channel. In addition, selective removal of copper ions has inhibited completely the successive ring--trophozoite--schizont progression of the parasite \[[@R16], [@R17]\]. Inhibition of copper-binding proteins that control copper function by actively associating with copper ions has caused arrested development of *P. falciparum*, implying the importance of copper homeostasis for the developmental progression of *P. falciparum*. Reduced expression of genes encoding copper-binding proteins has been detected, in association with arrested development of the parasite cultured in the medium enriched with specific growth-promoting NEFAs, including hexadecanoic acid (palmitic acid, C16:0) and *trans*-9-octadecenoic acid (C18:1-*trans*-9) \[[@R16], [@R17]\]. These data have provided intense evidence for a link between healthy copper homeostasis and developmental progression of *P. falciparum*, and may be useful for drug and vaccine development for the malaria eradication.

Here we review the importance of copper homeostasis in the asexual development versus arrest of *P. falciparum* in relation to NEFAs as growth promoting factors, copper-binding proteins, apoptosis, mitochondria, and gene expression in the growth regulation of the parasite.

2.. GROWTH OF *P. FALCIPARUM* IN HUMAN SERUM-FREE CULTURE MEDIUM
================================================================

2.1.. NEFAs as Critical Growth Factors for *P. falciparum*
----------------------------------------------------------

Continuous *in vitro* culture of intraerythrocytic *P. falciparum* with human serum has facilitated a significant advance in malaria research \[[@R9]\]. The mechanisms that underlie *P. falciparum* development remain largely unknown. Elucidation of the functional components required for the growth of *P. falciparum* is needed to provide important clues to understanding the biology of parasite development in RBCs.

Based on the characterization of the ability of components of GFS to sustain development of *P. falciparum*, a simple total lipid fraction containing NEFAs has been detected as essential factors, which is obtained after lipid extraction of GFS, to sustain parasite development. The importance not only of the simple total lipid fraction, but also of specific proteins, including bovine albumin, in parasite development has been also indicated \[[@R13]\].

The components of the NEFA fraction of the simple total lipids of GFS have contained mainly *cis*-9-octadecenoic acid (C18:1, oleic acid, 43%), C16:0 (21%), octadecanoic acid (C18:0, stearic acid, 14%), *cis,cis*-9,12-octadecadienoic acid (C18:2), *cis*-9-hexadecenoic acid (C16:1), *cis*-5,8,11,14-eicosatetraenoic acid (C20:4), *cis*-5,8,11,14,17-eicosa-pentaenoic acid, and *cis*-4,7,10,13,16,19-docosahexaenoic acid \[[@R13]\]. Mixtures of NEFAs, but not individual NEFAs, have sustained parasite development only to a small extent \[[@R13]\]. However, parasite development even in the presence of several combinations of NEFAs has been much lower than that with medium containing the simple total lipid fraction, GFS or human serum \[[@R13]\]. These results imply that: i) the NEFAs are functional components of GFS in promoting parasite development, and ii) other factors must also contribute to the high development-promoting activity of GFS.

The simple total lipid fraction of GFS has contained phospholipids, diacylglycerides, cholesterol, monoglycerides, cholesteryl esters, and NEFAs \[[@R13]\]. Although the efficacy of NEFA mixtures for sustaining parasite development has been much lower than that of the simple total lipid fraction, addition of phospholipids such as dioleoylphosphatidylcholine has amplified the low development-promoting efficacy of NEFAs to an extent similar to that observed with the simple total lipid fraction- and GFS-containing media. Nevertheless, NEFAs have been assumed to be the dominant factors involved in the development promotion, because phospholipids alone have been unable to promote development of the parasite in the absence of NEFAs. And various types, combinations and concentrations of NEFAs that are effective for sustaining development of the parasite have been shown to be no different between culture media added with and without phospholipids, although developmental rates in the presence of phospholipids have been much higher \[[@R14], [@R15]\].

In contrast to normal mature human RBCs, phospholipid metabolism is present in *P. falciparum*-infected RBCs, and

total lipid content in membrane increases markedly \[[@R18], [@R19]\]. It has been thought that *P. falciparum* satisfies its own requirements for nutrition and membrane-building using phospholipids \[[@R19], [@R20]\]. In addition to the *de novo* synthesis of phospholipids, RBCs infected with *P. falciparum* or *Plasmodium knowlesi* have readily taken up intact phospholipids from surrounding culture media \[[@R21]--[@R25]\]. Studies in *P. falciparum* have elucidated new metabolic pathways for the synthesis of the parasite phospholipids. Moreover, the importance of the phospholipid metabolic pathway has been highlighted in the development of antimalarial therapies \[[@R3]\]. Further studies are necessary to determine the mechanisms responsible for the actions of phospholipids on the development of the parasite in association with NEFA mixtures.

2.2.. Distinct Roles of NEFAs in the Development of *P. falciparum*
-------------------------------------------------------------------

The efficacy of NEFAs in sustaining the development of *P. falciparum* has varied notably, depending on the type, total amount, and combinations. The NEFAs involved in the growth promotion of *P. falciparum* have required to be at least in specific pairs (unsaturated and saturated NEFAs); the most effective combination has comprised the two most abundant NEFAs in GFS and human serum, C18:1 and C16:0. On the other hand, the combination of C18:1 and C18:0 has been less effective \[[@R13]--[@R15], [@R26]\].

Various NEFAs added individually or in combination have exerted distinct effects on each growth step of *P. falciparum*, including schizogony, merozoite formation, and re-invasion into RBCs \[[@R15]\]. Four typical effect patterns, including suppressed schizogony (SS), suppressed formation of merozoites (SMF), inhibited merozoite invasion into new RBCs (IMI), and no inhibition (comparable), have been detected. The detrimental effect on any growth step has disrupted the cycles of the parasite and caused reduced parasitemia (Fig. **[2A](#F2){ref-type="fig"}**) \[[@R15]\]. Thus, different NEFAs have played various roles during development of *P. falciparum* in RBCs by promoting development of the parasite at different stages. Carbon-chain length, degree and position of unsaturation, and isomerism of NEFAs have contributed to the development of the different stages of the parasite in RBCs, and to general growth of the parasite. For example, all stages of the parasite cultured in medium supplemented with optimal NEFAs (C18:1 plus C16:0), phospholipids, and albumin (CDRPMI) have been comparable to those grown in the complete GFS-containing medium (GFSRPMI). On the other hand, unsaturated or saturated NEFAs with longer or shorter carbon-chain length than C18:1 or C16:0, higher degrees of unsaturation, and *trans*-forms have resulted in lower parasite growth, mainly through SS and SMF effects. C18:1 plus C14:0 and C18:1 plus C18:0 have sustained moderate development by a partial IMI effect (less inhibited). Culture media exerting IMI or partial IMI effects have produced high numbers of released merozoites at 45 h after inoculation, but the merozoites have been unable to invade new RBCs, because percentage of new ring forms at 45 h (re-invaded) has been low. These results suggest that abnormal merozoites have been formed by IMI effect. The position of unsaturation of NEFAs with 18 carbons and one double bond, such as C18:1, *cis*-6-octadecenoic acid (C18:1-*cis*-6), and *cis*-11-octadecenoic acid (C18:1-*cis*-11), also has affected the development of the parasite by partial IMI effect (Fig. **2B**) \[[@R15]\].

2.3.. Developmental Arrest with Saturated and *trans*-form NEFAs in Association with Reduced Expression of a Putative Copper Channel
------------------------------------------------------------------------------------------------------------------------------------

The SS effect with C16:0 (CDM-C16alone) and C18:1-*trans*-9 can be helpful for the identification of molecular factors that regulate early developmental stages of *P. falciparum*, including its growth progression through the ring--trophozoite--schizont stages. Genome-wide transcriptome responses have been compared. Expressed genes in different developmental stages of *P. falciparum* which is cultured in the presence of different NEFAs have been selected to identify putative key molecules in early developmental arrest \[[@R16]\]. Twenty-six transcripts have been inferred to be associated with the schizogony suppression: these transcripts have been loosely categorized into 6 groups, including (i) 7 erythrocyte-binding or apical complex-associated, (ii) 4 RNA or DNA binding or transcription related, (iii) 1 signal transduction related, (iv) 2 lipid function related, (v) 3 sexual stage associated, and (vi) 9 others (not classified). Five of these, including merozoite surface protein 2, a putative DEAD/DEAH box RNA helicase, serine repeat antigen 3, a putative copper channel, and palmitoyl acyltransferase, have been assumed to blockade the trophozoite formation from the ring forms because of profound differences in transcript levels between the ring and trophozoite stages \[[@R16]\]. Among the five proteins, the putative copper channel is particularly intriguing since copper ions play an extensive role in living organisms, by regulating the activities of critical copper-binding proteins. The additional involvement of the other 4 proteins is, however, not excluded.

2.4.. Putative Mechanisms Responsible for Various Functions of NEFAs
--------------------------------------------------------------------

### 2.4.1.. Effects of NEFAs in Relation to Programmed Cell Death (Apoptosis), Mitochondria, and Endoplasmic Reticulum (ER) Stress

There is evidence that NEFAs participate in a large number of biological processes, including activation of protein kinases, and cell proliferation, differentiation, and death, in addition to their basal functions, including acting as important intermediates in lipid biosynthesis. In particular, saturated NEFAs, such as C16:0 and C18:0, have caused apoptosis, induction of Jun-N-terminal kinase, inhibition of insulin signaling in various cells, a significant increase in reactive oxygen species (ROS), DNA damage, and mitochondrial dysfunction \[[@R27]--[@R38]\].

The precise mechanisms by which a saturated NEFA, C16:0, exerts pleiotropic effects on various cells are not completely understood. In general, cell death that is caused with saturated NEFA (C16:0) is characterized by markers of apoptosis, such as cytochrome c release, caspase activation, and DNA fragmentation. The involvement of the loss of mitochondrial membrane potential and mitochondrial swelling, has been also described for C16:0-induced cell death by using primary cardiomyocyte cultures from embryonic chicks and neonatal rats \[[@R29], [@R39]\]. These may be initiated through a reduction in the mitochondrial membrane phospholipid, cardiolipin \[[@R30], [@R39]\], an increase in ceramide synthesis \[[@R29]\], and increased generation of ROS \[[@R40]\].

Several papers have described the relationship between ER stress and cell death in hepatocytes \[[@R41]--[@R44]\], pancreatic beta cells \[[@R45]\], Chinese hamster ovary cells, and cardiomyoblasts \[[@R46]\]. Long-chain, saturated NEFAs have induced ER stress and activation of the unfolded protein response (URP). This has been involved in apoptosis and cell death by several mechanisms, such as activation of caspases, interplay of Bcl-2 protein and the ER, extrusion of luminal calcium, and induction of CCAAT/enhancer-binding proteins \[[@R44]\]. On the other hand, Borradaile *et al.* (2006) \[[@R46]\] have demonstrated that, in Chinese hamster ovary cells, the induction of ER stress in the presence of C16:0 is accompanied by incorporation of C16:0 into the ER, leading to compromised ER structure and integrity, and apoptosis. This suggests that impairment of ER function is involved in the cellular responses to C16:0, such as apoptosis, through a more direct mechanism in spite of previous studies indicating that C16:0-induced cellular responses converge on the mitochondrial damage.

Apoptotic markers have been described for *P. falciparum*. This implies that *P. falciparum* may experience programmed cell death, although, the putative machinery for death of the parasite has been different significantly from that in their human host \[[@R47]\]. The programmed cell death pathway in *P. falciparum* has been mediated by clan CA cysteine proteases (a family of papain-family enzymes) \[[@R48]\]. It is unclear whether apoptosis is involved in the developmental arrest of *P. falciparum* with C16:0.

C18:1 has been known to prevent C16:0- or C18:0-induced lipotoxicity in mitochondrial dysfunction and apoptosis \[[@R32]\], cell growth inhibition in human aortic endothelial cells \[[@R49]\], and insulin resistance in L6 myotubes \[[@R37]\]. Listenberger *et al.* (2003) \[[@R50]\] have provided evidence, in Chinese hamster ovary cells, that NEFAs exert the toxicity by promoting triglyceride accumulation in the cells. An addition of C18:1 has led to its accumulation in triglycerides and been well tolerated. On the other hand, excess C16:0 has been poorly incorporated into triglyceride and caused apoptosis. C18:1 rescues C16:0-induced apoptosis by bringing C16:0 away from pathways leading to apoptosis.

Similar to the protection against C16:0-induced apoptosis, C18:1 has protected *P. falciparum* from the development-arresting effect of C16:0, because the parasite cultured in medium containing C18:1 and C16:0 has developed similar to that in complete medium \[[@R14], [@R15]\]. The mechanisms responsible for the profound developmental arrest with C16:0 and the protective effect of C18:1 in the parasite remain to be investigated in depth.

### 2.4.2.. NEFAs as Signals in Regulating Gene Expression

Based on current understanding, NEFAs are now considered to be intracellular signaling molecules. Precise molecular mechanisms underlying for the action of NEFAs and the relationships between the structure and various cellular activities are, however, not well understood. NEFAs have modified numerous cellular systems and functions, such as i) regulation of gene expression, ii) ion channel functions, and iii) membrane fusion \[[@R51]--[@R54]\]. NEFAs have been known to affect particularly gene transcription in various cell types. The effect has been mediated either by direct binding to various nuclear receptors (peroxisome proliferator activated receptors (PPARs), liver X receptor, and hepatic nuclear factor), or indirectly as the result of changes in regulatory transcription factors (sterol regulatory element binding protein-1c) \[[@R52]--[@R58]\]. On the other hand, it has been inferred that the mechanism involved in NEFA regulation of gene transcription is not single and several transcription factors other than PPARs are likely candidates. NEFAs have altered transcription via different routes, depending upon the cell-specific context and the target gene \[[@R58]\].

In *P. falciparum*, profound differences in the transcripts of a large number of genes have been detected when the parasites are cultured in media containing different NEFAs presenting different growth-promoting ability. Development of the parasite has been arrested at the ring and (or) trophozoite stage along with profound changes in transcript levels \[[@R16]\]. It is unclear whether NEFAs regulate the genes expression involved in the developmental arrest of *P. falciparum* in a similar manner to other cell types, because *Plasmodium* species are thought to lack peroxisomes in the presence of classic mitochondria \[[@R59]--[@R61]\].

3.. COPPER HOMEOSTASIS AND ASEXUAL GROWTH VERSUS ARREST OF *P. FALCIPARUM*
==========================================================================

3.1.. Extensive Role of Copper Ions
-----------------------------------

Copper ions are essential trace nutrients for all living organisms only at extremely low concentrations. Copper metabolism is crucial to diverse vital cellular functions such as energy production, antioxidant defense, and metabolism of iron and peptide hormones. Copper ions play an important role in higher plants and animals by regulating the activities of various copper-binding proteins such as cytochrome c oxidase (CCO), Cu/Zn superoxide dismutase (SOD), dopamine β-hydroxylase, prion protein, tyrosinase, X-linked inhibitor of apoptosis protein, lysyl oxidase, metallothionein, ceruloplasmin, and other proteins. Monogenic Wilson's and Menkes diseases are　well known to be caused by disturbed copper metabolism \[[@R62]--[@R66]\]. Also in mice carrying a null mutation of a high-affinity copper-uptake protein gene (*Ctr1*), early embryonic lethality and deficiency in copper uptake in the brain have been described \[[@R67], [@R68]\]. Particularly in relation to microbes, copper ions have been critical factors in a variety of mitochondrial functions: respiratory reaction, energy generation, regulation of iron acquisition, oxygen transport, the cellular stress response, antioxidant defense, and various other important processes \[[@R62], [@R64], [@R69]\].

However the production of hydroxyl radicals under aerobic conditions has arisen from the redox nature of copper through the Fenton reaction, leading to oxidative damage to proteins, DNA and lipids \[[@R70]\]. The acquisition and insertion of life-supporting copper into proteins of all organisms must be balanced by strict homeostatic mechanisms by a complex series of transporters and carrier proteins to prevent inappropriate interactions of copper with cellular components or generation of ROS.

In the past several decades, the importance of cellular copper homeostasis has been described. This involves the concerted action of various proteins, which regulate copper uptake, transport, distribution and efflux. Despite remarkable insights have been obtained in the field, a comprehensive understanding of copper function is still incomplete in many aspects.

3.2.. Role of Copper Ions in *P. falciparum* Development
--------------------------------------------------------

Experimental findings show: i) selective removal of Cu^+^ with 2,9-dimethyl-1,10-phenanthroline, hydrochloride (neocuproine, C~14~H~12~N~4~) has inhibited completely the developmental stages of *P. falciparum* in RBCs (ring forms, trophozoites and schizonts) \[[@R16], [@R17], [@R71]\]; ii) a tetrathiomolybdate, which is a specific inhibitor of copper-binding proteins that regulate copper physiology and function by actively associating with copper ions, has arrested development of the parasite \[[@R17]\]; and iii) a specific growth-promoting factor (C16:0) has arrested early development of the parasite in association with profoundly down-regulated expression of genes encoding copper-binding proteins \[[@R7], [@R15], [@R17]\]. These findings suggest the optimal copper homeostasis is critical for the intraerythrocytic developmental succession of *P. falciparum*. Kenthirapalan *et al.* \[[@R72]\] have also described copper-transporting P-type ATPase (CuTP, PBANKA_041650 at PlasmoDB \[[@R73]\]) as a critical factor to murine malaria parasite fertility of both genders of gametocyte.

The understanding of the copper pathway and trafficking, and copper handling in malaria parasites, which are obligate intracellular protozoa, is still in its infancy. Notwithstanding, a novel and unexpected role for copper homeostasis in parasite growth should be clarified.

Although it is not an intracellular parasite, the yeast *Saccharomyces cerevisiae* may be informative to speculate copper transport of *P. falciparum*. In *S. cerevisiae* cells, copper enters the cell in the reduced Cu^+^ form, whereas extracellular copper is mostly in the more stable oxidized form, Cu^2+^. Therefore, reduction of Cu^2+^ to Cu^+^ by a metalloreductase in the plasma membrane must be accompanied with the uptake of Cu^2+^ ions by yeast cells. Transport of the Cu^+^ ions across the plasma membrane is subsequently carried out primarily with the Ctr copper transporter family (Ctr1 and Ctr3). In the cell, Cu^+^ ions are bound to the copper chaperones Atx1, Cox17, and CCS to be carried into the Golgi complex, mitochondria, and Cu/Zn SOD, respectively \[[@R62]--[@R64], [@R69]\]. For example, copper ions are delivered to the mitochondria to be inserted into CCO via the Cox17 protein. This protein has been found in both the cytoplasm and the mitochondrial intermembrane space of the yeast. The Cox17 has been, however, considered to play a role in carrying Cu^+^ within the mitochondrial intermembrane space \[[@R74], [@R75]\]. The chaperone Atx1 is involved in the copper secretory pathway. Atx1 has delivered Cu^+^ to a P-type ATPase (Ccc2) located in the *trans*-Golgi network \[[@R76]\].

In *Plasmodium* species, the proteins, which are inferred to be involved in copper pathways and trafficking, have been identified, although the mechanism of copper metabolism and function remains to be investigated. Malaria parasites, including *Plasmodium berghei*, *Plasmodium chabaudi*, *Plasmodium cynomolgi*, *P. falciparum*, *Plasmodium gallinaceum*, *P. knowlesi*, *Plasmodium reichenowi*, *Plasmodium vivax*, and *Plasmodium yoelii*, harbor \>100 genes that are predicted to relate to copper, including a putative copper channel, a copper transporter, CuTP, a putative CCO copper chaperone (COX17), a CCO subunit 3, a putative CCO assembly protein COX11, and a putative mitochondrial ribosomal protein S22 precursor. Thirteen and 11 genes are for *P. falciparum* 3D7 and IT strains, respectively. *P. falciparum* parasites harbor at least three genes, which are predicted to be involved in copper transport to maintain the healthy copper homeostasis in the parasite: two proteins harboring Ctr copper transporter domain, a putative copper channel (PF3D7_1421900, XP_001348385.1 at PlasmoDB and NCBI \[the National Center for Biotechnology Information\] and a copper transporter \[PF3D7_1439000, XP_001348543.1\], and CuTP (PF3D7_0904900, XP_001351923.1) \[[@R71], [@R72], [@R77]\]. Four proteins, which are predicted to relate to mitochondrial copper, have been described. These include a putative COX17 (PF3D7_1025600, XP_001347536.1, \[[@R78]\]), COX11 (PF3D7_1475300, XP_001348895.1), COX3 (mal_mito_1 at PlasmoDB), and a putative mitochondrial ribosomal protein S22 precursor (PF3D7_1027200, XP_001347551.1).

### 3.2.1.. A Putative Copper Channel of P. falciparum

A putative copper channel of *P. falciparum* (PF3D7_1421900) consists of 160 amino acids, and is a component of the apicoplast membrane. This protein is also referred to as "a putative Ctr copper transporter domain containing protein" (NCBI), and contains an M^131^XXXM^135^ motif in the second transmembrane domain, which is important for copper uptake, and four transmembrane regions at locations 139--159, 113--136, 63--86, and 6--26. The putative copper channel gene of *P. falciparum* has orthologs of the copper channel in *Plasmodium* species, including *P. reichenowi, P. vivax, P. knowlesi, P. yoelii, P. berghei, and P. chabaudi,* with the exception of avian malaria parasite, *P. gallinaceum*. Orthologs of this gene appear to be absent from apicomplexan species such as *Babesia bovis, Theileria annulata, Theileria parva and Theileria lestoquardi, Cryptosporidium muris, Cryptosporidium parvum,* and *Cryptosporidium hominis*, with the exception of *Toxoplasma gondii*.

### 3.2.2.. Copper Transporter of P. falciparum

Copper transporter (PF3D7_1439000) consists of 235 amino acids, and is a component of the plasma membrane \[[@R77]\]. This protein contains an M^181^XXXM^185^ motif in the second transmembrane domain, which is important for copper uptake, and two transmembrane regions at locations 181--204 and 113--136. The gene of *P. falciparum* has orthologs of the copper transporter in the aforementioned *Plasmodium* species, and also an ortholog in *P. gallinaceum* in contrast to the above-mentioned copper channel. The aforementioned apicomplexan species each possess orthologs or homologs of this copper transporter, and also an ortholog in *T. gondii* in contrast to the above-mentioned copper channel.

### 3.2.3.. CuTP of P. falciparum

CuTP (PF3D7_1439000) consists of 2568 amino acids, and is also referred to as "Cu^2+^-transporting ATPase" (NCBI). This protein contains seven predicted transmembrane regions and distinctive features of copper P-ATPases, including one metal-binding motif, M^403^XCXXC^408^ at the N-terminal region preceding the first transmembrane domain. Also cation-translocation motifs, C^1897^PC^1899^ and M^2235^XXSS^2239^, which are believed to function in heavy-metal translocation, are present in membranes and contribute to the Cu^+^ ion translocation \[[@R71], [@R72], [@R79], [@R80]\].

Copper transporting P-type ATPases, including CuTP of *P. falciparum*, are ubiquitous heavy metal pumps, which are driven with ATP and transport heavy metal ions such as Cu^+^, Cu^2+^, Zn^2+^, Co^2+^ and Pb^2+^ across membranes. The molecules are evolutionarily highly conserved in most organisms as well as *Plasmodium* species \[[@R79]--[@R81]\]. The CuTP is a component of the plasma membrane of the parasite and is also detected in the plasma membrane of host RBCs (PlasmoDB, \[[@R71]\]). In *P. falciparum*, this protein has been suggested to mediate copper ion efflux or export to minimize toxic effects of copper ions excess \[[@R71]\]. On the other hand, in a murine malaria model, *P. berghi* CuTP (PbCuTP) has been suggested to have a role in intracellular Cu^+^ redistribution and storage for cuproenzyme biosynthesis \[[@R72]\]. PbCuTP has been important only for male and female fertility, but not for blood stage development of the parasite \[[@R72]\]. It has been found to localize in vesicular bodies, which are predicted as copper storage organelles \[[@R72]\]. Function of copper-transporting P-type ATPases in *Plasmodium* species needs to be further elucidated.

### 3.2.4.. A Putative COX17 of P. falciparum

A putative COX17 (PF3D7_1439000, \[[@R78]\]) consists of 67 amino acids, and contains no transmembrane region. In yeast as well as other cells, copper delivery to the mitochondria is markedly complex, but is essential for functioning of the CCO complex. Copper chaperon such as Cox17 is critical for the assembly of functional CCO and for delivery of copper ions to the mitochondria \[[@R82]\].

Mitochondrial CCO has been identified in *P. falciparum* \[[@R59]\]. Similar function of the putative COX17 of *P. falciparum* to the Cox17 has been considered. The putative COX17 contains two cysteine residues, C^27^CVC^30^, as a Cu^+^ binding site. It has been noted in the cytosol of the parasite through the course of asexual development \[[@R78]\].

3.3.. Mode of action of copper chelators and a copper inhibitor
---------------------------------------------------------------

### 3.3.1.. A Tetrathiomolybdate Elicits Severe Developmental Arrest of P. falciparum

Tetrathiomolybdates such as TTM (ammonium salt; (NH~4~)~2~MoS~4~) and ATN-224 (choline salt) are potent anti-copper agents. Although knowledge of the reaction chemistry and structures of tetrathiomolybdate complexes with various proteins is limited, the surprising stability of sulfur-bridged copper-molybdenum clusters and of a TTM complex with a copper-binding protein has been observed using crystallographic method \[[@R83]\]. TTM has been, thus, considered to abrogate copper-binding proteins controlling copper ion functions by formation of a sulfur-bridged copper--molybdenum cluster, rather than by direct chelation of copper ions \[[@R83]\]. Tetrathiomolybdates have efficacy as antiangiogenic and anti-tumor agents against several types of cancer, possibly inhibiting the activities of a variety of cuproenzymes. Also, the inhibition of nuclear factor κB is suggested for the anti-cancer mechanism of TTM \[[@R84]--[@R86]\].

TTM has caused developmental arrest of *P. falciparum* at early stages, with IC~50~ (the concentration required to inhibit the growth of the parasite by 50%) of 12.3 ± 0.1 µM (Fig. **[3A](#F3){ref-type="fig"}**). An approach wherein *P. falciparum*-infected and normal RBCs are treated separately and co-cultured after washing has shown that development of *P. falciparum* pretreated with TTM has been profoundly arrested, even after a short period of treatment 0.5 h (Fig. **[4A](#F4){ref-type="fig"}**). On the other hand, treatment of uninfected RBCs has caused developmental arrest to a much lesser extent. These results indicate that the target molecules for TTM that are involved in the developmental arrest of *P. falciparum* can occur predominantly in the parasite, but not in host RBCs. Further TTM has reacted irreversibly with the copper-binding proteins of the parasite \[[@R17]\].

IC~50~ of TTM for *P. falciparum* has been relatively high \[[@R17]\] in comparison with IC~50~ for several oxidases (1--5 µM) \[[@R87]\] and IC~50~ of ATN-224 for myeloma cells (\~5 µM) and SOD (0.3 µM) \[[@R85]\]. It is suggested that the relatively high IC~50~ may be attributed to intracellular parasite, *P. falciparum* and RBCs (host cells) that contain high concentrations of copper-binding protein such as SOD \[[@R88]\]. TTM may interact with copper-binding proteins in RBCs prior to binding with *P. falciparum* proteins. Molecules contributing to the developmental arrest and the target molecules of TTM in the parasite remain to be determined.

### 3.3.2.. Effect of Cu+ Chelation on Development of P. falciparum

Neocuproine has caused developmental arrest of intraerythrocytic of *P. falciparum* during the ring--trophozoite--schizont progression in a concentration-dependent manner, with IC~50~ of 0.13 ± 0.06 µM \[[@R17]\] and 0.10 ± 0.01 µM \[[@R16]\]. Trophozoite progression from the ring stage has been blockaded at higher concentrations (Fig. **[3B](#F3){ref-type="fig"}**) \[[@R17]\]. On the other hand, *bis*(cyclohexanone)oxaldihydrazone (cuprizone, C~14~H~22~N~4~O~2~) and 2,9-dimethyl-4,7-diphenyl-1,10-phenanth-rolinedisulfonic acid, disodium salt (BCS, C~26~H~18~N~2~Na~2~O~6~S~2~) have been noted to exert no visible effect on the growth of the parasite. Neocuproine chelates reduced copper ion (Cu^+^) selectively by bidentate ligation, and cuprizone chelates the oxidized form (Cu^2+^). The both chelators can diffuse through the cell membrane. On the other hand, BCS, which chelates both forms of copper ions, Cu^+^ and Cu^2+^, cannot cross the membrane \[[@R89]\]. From these results, depletion of Cu^+^, but not Cu^2+^, has contributed to the developmental arrest of *P. falciparum*.

An approach, wherein *P. falciparum*-infected and normal RBCs are treated separately and co-cultured after washing, has shown that development of *P. falciparum* pretreated with neocuproine has inhibited only to a small extent even for a longer time 2.5 h (Fig. **4B**) \[[@R17]\]. This is a marked difference from the results for *P. falciparum* that developed in the presence of neocuproine throughout the culture period. These results imply that neocuproine has chelated Cu^+^ ions of the parasite reversibly. Otherwise copper ions may be replenished by host RBCs \[[@R17]\]. Levels as high as a mean 18 µM of copper ions are contained in RBCs, although most of the copper ions present in RBCs is bound to the enzyme SOD \[[@R71], [@R88]\]. Comprehensive identification of the copper-binding proteins and clarification of the mechanisms responsible for copper homeostasis are necessary to understand anti-developmental mechanisms of the copper chelators, as well as the anti-copper agents (TTM and ATN-224) in *P. falciparum*.

3.4.. A Link Between a Healthy Copper Homeostasis and Developmental Progression of *P. falciparum*
--------------------------------------------------------------------------------------------------

A medium containing C16:0 alone as a growth-promoting NEFA (CDM-C16 alone) has caused developmental arrest of *P. falciparum* at the early stage, similar to that with complete media (CDRPMI and GFSRPMI) containing neocuproine or TTM, which cause perturbation of copper homeostasis \[[@R17]\]. A putative copper channel has been severely down-regulated in association with the blockade of trophozoite progression from the ring stage in the parasite \[[@R16]\]. Thus, expression of the genes of the aforementioned copper-binding proteins of *P. falciparum*, including a putative copper channel, a copper transporter, a CuTP, and a putative COX17 has been investigated further by quantitative real-time PCR on cultures grown in CDM-C16alone. Levels of transcripts of the putative copper channel that is detected by genome-wide transcriptome profiling, and the copper transporter have decreased profoundly \[[@R17]\]. These results imply that down-regulation of the two proteins has affected copper pathways and trafficking, and eventually caused the perturbation of copper homeostasis and developmental arrest of the parasite. These results suggest copper ions and copper-binding proteins are critically important for the developmental succession of *P. falciparum*, particularly at the early stages. This implies also that the monounsaturated NEFA, C18:1, has prevented the down-regulation of gene expression and the developmental arrest of *P. falciparum* observed with C16:0.

3.5.. Roles of Copper Ions in Mitochondrial Function, Apoptosis, and Gene Expression
------------------------------------------------------------------------------------

Mitochondrial CCO has a critical requirement for copper ions. Mitochondrion-associated proteins include Cox17, Sco1 and Sco2. These are conserved from yeast to humans, and involved in the delivery of copper ions to CCO. Compromised transport of copper ions to mitochondria affect seriously mitochondrial functions, including the respiratory reaction and energy generation, although the molecular mechanisms responsible for import and mobilization of copper ions are not yet clear, \[[@R62], [@R64]\].

SODs normally protect cells by dismutating the potentially toxic superoxide anion. Cu/Zn SOD (Sod1 in *S. cerevisiae*) also has a requirement for copper ions. In *S. cerevisiae*, Ccs delivers copper ions to the Sod1 in a series of reactions. Cellular susceptibility to oxidative damage has increased under the condition of copper deficiency. Also, the capability of cells to produce SODs has decreased by copper ion depletion, thus increasing their propensity to oxidative damage involving apoptosis \[[@R64], [@R70]\]. Oxidative DNA damage has been described in copper deficiency in Jurkat T lymphocytes \[[@R90]\].

In *S. cerevisiae*, various genes such as *CUP1, CRS5, SOD1, CTR11, CTR3* and *FRE1* are transcriptionally activated or suppressed by copper metalloregulatory transcription factors (Ace1 and Mac1) \[[@R64], [@R91]\]. Several studies have suggested that the capability of copper ions to activate transcription through metal- and oxidative-stress- mediated mechanisms and to induce activation of the mitogen-activated protein kinase signaling pathway through ROS-mediated mechanism \[[@R92]\]. However, the molecular mechanisms involved in copper-induced gene expression remain to be clarified.

In *P. falciparum*, down-regulation of genes encoding copper-binding proteins (a putative copper channel and copper transporter) has been detected in culture with C16:0 \[[@R16], [@R17]\]. This can be linked to reduced copper ion concentration in parasite organelles, including mitochondria \[[@R59], [@R60]\], although the copper pathway and trafficking in *P. falciparum* remain to be clarified. Possible direct effects of copper ions on the aforementioned various activities of NEFAs remain also to be elucidated.

4.. FUTURE DIRECTIONS
=====================

*P. falciparum* is single-cell eukaryote, and needs to reside in RBCs or liver cells while in a human body. Thus, the parasite requires a more complicated process than that of *S. cerevisiae* to deliver and allocate copper ions to metalloproteins located within organelles, including mitochondria, apicoplasts, and secretory compartments. Much remains to be learned about the cellular copper balance of *P. falciparum*: i) what is a series of copper-binding proteins of *P. falciparum*?; ii) how do the compartments of the copper homeostasis machinery interact?; iii) how does copper make its way from the host RBCs and from the site of import?; iv) what is the factor that reduces Cu^2+^ to Cu^+^ in *P. falciparum*? The clarification of these obscurities may make us to find a new important principle of copper metabolism in the parasite. The parasitic factors that interact at the molecular level with development-promoting NEFAs should help to reveal the mechanisms underlying the developmental succession versus arrest of *P. falciparum* in relation to copper homeostasis.

Nonetheless, perturbation of copper homeostasis disrupts the early-stage behavior of the parasite, leading to complete arrest of its general growth. The importance of copper homeostasis has been confirmed and this may provide critical clues for drug and vaccine development aimed at eradicating malaria.
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![Different stages of *P. falciparum* cultured synchronously and stained with Giemsa.](CTMC-16-3048_F1){#F1}

![**(A)** Representative modification of growth of *P. falciparum* cultured synchronously in the presence of various growth promoters, indicating comparative growth, SS, SMF, and IMI. Each developmental stage was compared with complete growth in GFSRPMI (control): schizonts at 25 h (Schizont-25h), merozoites at 45 h (Released merozoite-45h), ring forms at 45 h (Ring form-45h), and parasitemia at 45 h (Parasitemia-45h). **(B)** Growth-rate-determining step and growth level in development of *P. falciparum* cultured in the presence of various NEFAs. C12:0, dodecanoic acid; C14:0, tetradecanoic acid; C22:0, docosanoic acid; C18:1; C18:1-*cis*-6; C18:1-*cis*-11; C16:1; C18:2; C20:4; C18:1-*trans*-9.](CTMC-16-3048_F2){#F2}

![Effect of TTM (A) and neocuproine (B) on growth of synchronized *P. falciparum* parasite. Synchronized parasites at the ring stage are cultured in the complete medium for 28 h. Each developmental stage is counted after Giemsa staining.](CTMC-16-3048_F3){#F3}

![Growth of *P. falciparum* co-cultured with infected RBCs and uninfected RBCs that are pretreated separately with TTM **(A)** and neocuproine **(B)**. The parasite are cultured in the complete medium for 95 h. The growth rate is estimated by dividing the parasitemia of the test sample after 95 h incubation by the initial parasitemia.](CTMC-16-3048_F4){#F4}
